Impurity band conduction in reduced samples of bismuth iron molybdate by McIntyre, Shawn M.
Lakehead University
Knowledge Commons,http://knowledgecommons.lakeheadu.ca
Electronic Theses and Dissertations Retrospective theses
1995
Impurity band conduction in reduced
samples of bismuth iron molybdate
McIntyre, Shawn M.
http://knowledgecommons.lakeheadu.ca/handle/2453/2137
Downloaded from Lakehead University, KnowledgeCommons
IMPURITY BAND CONDUCTION IN 
REDUCED SAMPLES OF BISMUTH 
IRON MOLYBDATE 
by 
SHAWN M. M*'INTYRE© 
A Thesis submitted in partial fulfillment 
of the requirements of the Degree of 
Master of Science 
Department of Physics 
Lakehead University 
Thunder Bay, Ontario 
Canada 
June 14, 1995 
ProQuest Number: 10611907 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 
Pro 
ProQuest 10611907 
Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author. 
All rights reserved. 
This work is protected against unauthorized copying under Title 17, United States Code 
Microform Edition © ProQuest LLC. 
ProQuest LLC. 
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106 - 1346 
Biblioth6que nationale 
du Canada 14^1 National Library of Canada 
Acquisitions and Direction des acquisitions et 
Bibliographic Services Branch des services bibliographiques 
395 Wellington Street 395, rue Wellington 
Ottawa, Ontario Ottawa (Ontario) 
K1A0N4 K1A0N4 
Your file Votre r^f^rence 
Our file Notre r^f^rence 
The author has granted an 
irrevocable non-exclusive licence 
allowing the National Library of 
Canada to reproduce, loan, 
distribute or sell copies of 
his/her thesis by any means and 
in any form or format, making 
this thesis available to interested 
persons. 
The author retains ownership of 
the copyright in his/her thesis. 
Neither the thesis nor substantial 
extracts from it may be printed or 
otherwise reproduced without 
his/her permission. 
L’auteur a accorde une licence 
irrevocable et non exclusive 
permettant a la Bibliotheque 
nationale du Canada de 
reproduire, preter, distribuer ou 
vendre des copies de sa these 
de quelque maniere et sous 
quelque forme que ce soit pour 
mettre des exemplaires de cette 
these a la disposition des 
personnes interessees. 
L’auteur conserve la propriete du 
droit d’auteur qui protege sa 
these. Ni la these ni des extraits 
substantiels de celle-ci ne 
doivent etre imprimes ou 





It gives me great pleasure to thank Dr. W. M. Sears, my research supervisor, for 
his generous and instructive help throughout this thesis. 
Special thanks to Dr. M. Hawton for her helpful insight into the topic of this 
thesis. 
I wish to express my appreciation to Mr. G. C. Anderson for assisting in the 
construction and maintenance of the vacuum system and to Dr, V. V. Paranjape for his 
interest in the research topic. 
I wish to thank Dr. W.J. Keeler for his generous offering of certain units used in 
constructing the vacuum system. 
Finally, I wish to express my thanks to Ms. E.M. McDonald for typing my thesis. 
2 
ABSTRACT 
An experimental investigation of the electrical resistance of n-type bismuth iron 
molybdate (Bi3FeMo20i2) pellets at temperatures from 90 to 620 K has been made in an 
attempt to detect impurity band conduction near room temperature. The pellets were 
chemically reduced by exposing them to 13.2% methanol vapour in a nitrogen carrier gas 
inside an oven at 620 K. Lightly reduced samples yield an activation energy of 360 meV 
over the temperature region of 300 - 620 K which represents the donor energy level below- 
the conduction band edge. A change in this activation energy over the temperature region 
of 150 to 300 K suggests the adsorption of water vapour or oxygen which tends to trap 
out carriers and suppress the pellet’s conductance. For the more heavily reduced samples 
a near temperature independent resistance, in the temperature range of 90 to 300 K, 
suggests a metallic like conduction through an impurity band. A lowering of the 
activation energy, with increasing reduction, from 16 meV down to 1 meV suggests a 
transition from hopping to metallic conduction in the impurity band formed by the oxygen 
vacancy donor states. As the oxygen vacancy donor concentration increases the 
temperature region dominated by conduction through the impurity band expands to higher 
temperature. X-ray powder diffraction measurements reveal the formation of Bi, Bi203 or 
MoOs as well as M0O2 during the reduction sequence, but have been excluded as an 
explanation of the metallic like behavior observed in the temperature region of 90 to 300 
K due to the small amounts observed. 
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INTRODUCTION 
It was postulated by C.S. Hung*’^ that impurity band conduction (i.e., electrical 
conduction through a band of energy levels formed by the impurities) is characterized by a 
temperature independent resistance. This happens at some critical impurity concentration 
Nc. This temperature independence reflects a type of conduction where the electron 
orbiting about its impurity center moves freely from one impurity center to another 
through the strong overlapping of electron ground state wave functions. In practice 
conduction through this band of impurities is almost, but not quite, independent of 
temperature and is characterized by an activation energy of the order of 1 meV. 
Mott^ proposed that a transition to a state exhibiting metallic conduction occurs 
when the interatomic distance between impurities reaches some definite value. Above this 
distance a type of hopping or tunneling conduction can occur where the conduction is 
characterized by an activation energy of tens of meV. 
Oxygen vacancies act as donor traps in Bi3FeMo20i2. Thus as oxygen is removed, 
for example by methanol vapour at 620 K, Bi3FeMo20i2 transforms into an n-type 
semiconductor material with the conductance increasing as the concentration of oxygen 
vacancies increase. Morrison observed in a similiar material, bismuth molybdate, that 
oxygen vacancies formed by the reduction process produced donor levels within the 
forbidden band gap of 2.8 eV^ at about 0.35 eV below the conduction band edge. He 
suggested that increasing levels of conductance signified the presence of higher 
concentrations of oxygen donor vacancies. 
Other sources in the catalytic literature specify that it is possible to remove 
0.05% of the oxygen in bismuth molybdate and still retain crystallographic stability. This 
represents about 10*^ vacancies per cubic centimeter. In a pure methanol atmosphere it is, 
in fact, possible to remove 1.0% of the oxygen to produce 10^” vacancies per cubic 
centimeter and still retain crystal stability. 
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Since it is proposed in this thesis that the oxygen vacancy donors lie 0.36 eV 
below the conduction band edge of Bi3FeMo20i2 metallic like conduction via the impurity 
band may dominate even near room temperature. 
This thesis is about a search for supporting evidence for impurity band conduction 




1.1 Intrinsic Semiconductor 
Intrinsic conductivity in semiconductors is a current carried by electrons and holes 
in the conduction and valence bands formed by the host atom. Room temperature 
resistivities of semiconductors are typically between lO’"’ and 10^ ohm-cm compared to 
metals with typical values near ohm-cm, and good insulators, with values as high as 
10^^ ohm-cm. Semiconductor band gaps range from about 3.0 eV down to a few tenths of 
an electron volt. It is suggested that an energy gap of 4.0 eV represents an arbitrary 
separation between semiconductors and insulators.® 
The kind of energy band diagram generally used in semiconductor work is shown 
in Figure 1.1.1. Here only the bottom of the conduction band and top of the valence band 
are of interest. The electron energies of Figure 1.1.1 (a) are plotted against distance to 
show that there are no free carriers at T = 0 K. By elevating the temperature of the crystal 
lattice, thermal excitation will occasionally free an electron from the valence band creating 
a conduction electron and a hole as shown in (b). The simultaneous production of equal 
numbers of electrons and holes gives rise to an electrical conductivity that is in equilibrium 
with the continual process of thermal generation and recombination. The mass action law 
states that np = K where n is the electron concentration per unit volume, p is the hole 
concentration per unit volume and K is an equilibrium constant which is a function of 
temperature. 
In a pure semiconductor, for every conduction electron produced a hole is also 
produced and n = p. Thus the total number of electrons or holes is called the intrinsic 
charge carrier concentration nj = n = p. The intrinsic carrier concentration is then = np 
because both the electrons in the conduction band and holes in the valence band contribute 
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Figure 1.1.1 Intrinsic Semiconductor (a) at low temperature 
(b) at elevated temperature 
with thermal excitation generating holes and electrons 
For the concentration of intrinsic carriers in terms of the band gap we assume 
simple parabolic band edges. The number of occupied conduction band levels 
given by 
n=J^ N.(E)F,(E)dE eq’nl.l.i 
where Ec is the energy at the bottom of the conduction band, Ne(E) is the density of 
states and Fe (E) is the Fermi Dirac distribution function. 
The density of states can be approximated by 
where me is the effective mass of the electron. 
eq’n 1.1.2 
Fe(E) can be approximated by the boltzmann distribution if (Ec - Ep) » kT and thus 
Fe(E)«l. Thus 







where Ep is the fermi energy level. 
Substituting equation 1.1.2 and 1.1.3 into equation 1.1.1 and integrating gives the 
concentration of intrinsic electrons in the conduction band. 
n = 2 
^ 2ntr y 
3/2 
exp[(Ep-E„)/K,T] eq’n 1.1.4 
For the equilibrium concentration of holes p, the distribution function for holes Fh is 
related to the electron distribution function Fe by Fh = 1 - Fe. Therefore 




= exp[(E - Ep) / K„T] eq’n 1.1.5 
provided that (Ep - Ev) » KBT. 
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(Ev-E)’" eq’n 1.1.6 
where nih equals the effective mass of the hole and Ev is the energy of the valence band 
edge. The concentration of holes p in the valence band would then be 
p = 2 eq’n 1.1.7 
Multiplying equations 1.1.4 and 1.1.7 and given the energy gap Eg == Ec - Ev, we obtain 
the intrinsic carrier concentration 
n, = np = 4 
2nh'^ 
' exp(-Eg /KBT) eq’n 1.1.8 





(menih)'''' exp(-Eg / 2KBT) eq’n 1.1.9 
Since the current density J = neVo where VD is the drift velocity, then the electrical 
conductivity o = J / E = nev^ / E = nep^ where po is the drift mobility. Introducing the 
mobility Pe for electrons and Ph for holes, the conductivity can be expressed as 
a = (nep^+peph) eq’n 1.1.10 
Substituting equation 1.1.9 into 1.1.10 we obtain 
Oi =2e(p, +PH)(KB /27c7z^y'^T^'-(m,m^)^^^exp(-Eg/2KBT) eq’n 1.1.11 
At room temperature the factor exp^-Eg / 2KgT^ is approximately 10'^^ for Eg = 4.0 eV, 
but is « 10’^ for Eg = 0.25 eV. Here we see that the conductivity depends critically on the 
size of the energy band gap'^. The factor T^'^ and the mobilities change slowly with 
temperature compared with the exponential term. The number of electrons thermally 
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excited into the conduction band must be a rapidly increasing function of temperature. 
The resistivity must therefore be a rapidly decreasing function of temperature. 
1.2 Extrinsic Semiconductor fn-tvpel 
Charge carriers in semiconductors can also be created by adding certain types of 
impurity atoms. If a group V element is added to a pure crystal of silicon, it occupies a 
lattice site that is normally occupied by the host atom. Four of the valence electrons of the ’ 
impurity make covalent bonds with the host atom, but a fifth electron is bound to the 
impurity atom itself by a weak electrostatic force. This electron moves around the 
impurity site in a manner similar to an electron in a hydrogen atom. The electron is 
weakly bound to the impurity in the solid and may encompass hundreds of atomic lattice 
distances. However this level must lie below the lowest “free” electron state in the 
conduction band. Furthermore the binding energy of the electron to the donor impurity is 
small compared with the energy gap of the semiconductor and must therefore lie in the 
intrinsic energy gap. We conclude that donor impurities introduce additional electronic 
levels at energies ED lower than Ec and lie close to the boundaries of the forbidden energy 
region. Therefore it is far easier to thermally excite an electron into the conduction band 
from a donor level than it is to excite an electron across the entire energy gap from 
valence to conduction band.*®^ 
The concentration of charge carriers in extrinsic semiconductors is illustrated in a 
graphical manner in Figure 1.2.1. In an extrinsic semiconductor the impurity curve is less 
steep because ED is much smaller than Eg. As the temperature is increased, eventually the 
donor levels will be exhausted, meaning that all the donors have been ionized. An electron 
trapped in the donor state produces a neutral site whereas an electron excited into the 
conduction band leaves behind a positive donor site. In this region the conductivity 






















Tempurature 1/T (K ) 
Figure 1.2.1 Conductivity as a function of 
temperature in an n—type (donor) 
extrinsic semiconductor 
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The distribution of electrons in all states can be described by a general set of 
equations as follows.The density of electrons in the conduction band (where Nc is 
the effective density of states in the conduction band) is given as: 
n = NJ,(E^) eq’n 1.2.1 
The density of holes in the valence band (where Nv is the effective density of states in the 
valence band) is given as; 
p = N.[l-4(Ej]. eq-n 1.2.2 
The density of filled donor sites is expressed as 
nD=NDf(Eo) eq’n 1.2.3 
whereas the density of filled acceptors is given as 
nA^N^ftE^) eq’n 1.2.4 
Finally the charge neutrality condition states that 
P + (ND-nn) = ”+(NA-n^) eq’n 1.2.5 
where No and NA are the densities of donor and acceptor centers. If we consider setting 
NA = 0 then p = 0 and 
n = Nn-nj3 eq’n 1.2.6 
which means that an n-type semiconductor supplies electrons from the donors to the 
conduction band. The number of electrons in the conduction band is given by equation 
1.1.4 with EF = ED- 




KBT J eq’n 1.2.7 
Here we consider only partial ionization of donors at ordinary temperatures and low carrier 
concentration near the bottom of the conduction band where n < ND and KBT « EC-ED. 
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1,3 Mobility 
An electron subjected to an electric field in a solid is scattered by collisions with 
the fixed lattice. This results in a drift velocity. The drift mobility is defined as the 
magnitude of the drift velocity (cm/sec) per unit electric field (volt/cm) 
The vibrations of an atom in a periodic lattice about an equilibrium position 
disturbs the periodicity and sets up local changes that scatter moving carriers (electrons 
and holes). As the temperature increases the amplitude of these lattice vibrations increase. 
Theoretically in the lattice-scattering range the mobility should follow the following 
temperature law^^ 
PL-B,T"^'- eq’n 1.3.2 
where Bi is a constant of proportionality. 
Ionized impurity scattering (coulomb scattering) deflects moving carriers near the 
location of the impurity ion. At high impurity concentrations or at low temperature 
impurity scattering dominates. The ionized impurity scattering limited mobility is given by 
the relation^^ 
Pi^B^T''" eq’n 1.3.3 
where B2 is a constant of proportionality, 
Combining equation 1.3.2 or 1.3.3 with equation 1.2.7 and 1.1.10 we will obtain a 
formula for the temperature dependence of the conductivity of electrons in the conduction 
band for n-type semiconductors. 
a L = 2eB^ 
^27tm^\ 








o, = 2eB, —T' exp 
V h- J 
eq’n 1.3.5 
depending on the type of electron scattering which dominates. Since OL and Oi are in 
series for lattice and impurity ion scattering the a‘s add as inverses (i.e., 1/atoui = 1/OL + 
1/CTI ). Thus above 100 K and high impurity content OL will dominate.^^ 
1.4 Theory of Impurity Band Conduction 
For any partly filled band of a perfect crystal the material is a metal whose 
resistivity falls to zero as the temperature tends to zero. For a perfect crystal whose bands 
are either full or empty the crystal is a semiconductor whose resistivity tends to infinity as 
the temperature tends to zero. For an impurity doped semiconductor crystal the resistivity 
tends to a finite value,^'* The onset of this behavior shifts to higher temperatures with 
increasing concentrations of impurity atoms. 
As an explanation C.S. Hung postulated the formation of a conducting impurity 
band within the forbidden band gap. It is here that a small but finite residual conductivity 
takes place in addition to conduction in the ordinary conduction band. 
Figure 1.4.1 illustrates the simple energy level diagram for an n-type impurity 
semiconductor containing No > NA concentrations of donors and acceptors respectively. 
Electricity can flow in an impurity doped semiconductor by two competing conduction 
processes which act in parallel. The first is a current carried by electrons in the conduction 
band or holes in the valence band. The second process is possible under certain 
circumstances. An electron occupying an isolated donor has a wave function localized 
about the impurity and an energy slightly below the conduction band minimum. A 
localized wave function is one that decays exponentially to zero at large distances from a 
given point in space. A conduction process is possible if there is a small but finite overlap 
Conduction Band 
Ec  
E„-©- — -©- — -©- — -©- — -e 
Ej, -e- 
Ev/ // // // // // // // // // // 
Valence Band 
Figure 1.4.1 
Schematic energy level diagram for an h—type 
impuity semiconductor containing Nj, > NA 
concentrations. 
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of the wave function of an electron on one donor with that of a neighbouring unoccupied 
donor. At small impurity concentrations, impurity conduction is not possible unless 
compensating minority impurities are present. The occupied impurity centers, being 
separated by more than a few “ radii ” of the ground state wave function, require the 
presence of compensating minority impurities (e.g. acceptors in an n-type material) to 
produce unoccupied centers for transferring charge by tunneling or diffusion. Also when 
the impurity concentration is small, the finite activation energy suggests that charge 
transfer between impurity centers must itself be thermally activated. Thermal energy in the 
form of phonons is supplied by the vibrations of the host crystal . 
At donor impurity concentrations above a critical concentration Nc, the wave 
functions of individual adjacent impurities overlap strongly to sufficiently remove the 
localization of carriers about the impurity centers. The result is a temperature independent 
resistivity where the conductivity behaves as though it were metallic and carriers move 
freely without thermal activation. Although the mobility of electrons in the impurity levels 
is small, at low temperatures impurity conductivity will dominate due to the absence of 
electrons in the conduction band.^^ The term impurity conduction is used to describe the 
different types of conduction processes occurring in semiconductors for different values of 
impurity concentrations above and below the critical impurity concentration Nc. At low 
concentration there exists a hopping conduction. Above Nc there is a metallic like 
conduction through an impurity band.^* 
It has been ascertained experimentally that in the limit of low temperature the 
conductivity can be described by^^ 
aiBc = ^2 exp(-E2 / KgT) eq’n 1.4.1 
The possibility for such a temperature dependence involves excited states higher in 
energy than the ground state in the impurity band. The extension of the excited electron 
wave function should have a considerably higher jump frequency than the electron in the 
ground state. 
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1.5 Hopping Conduction and the Transition to Metallic Conduction 
In lightly doped semiconductors with an impurity concentration No, the average 
distance between impurities is greater than the Bohr radius an (i.e., ND’^^ » an). In this 
case the necessary condition for hopping conduction is that the degree of compensation K 
be much less than one where K - NA/ND. ND - NA donors are left to absorb phonons 
which cause the jump from occupied to unoccupied donor sites. This is the reason for the 
finite activation energy of hopping conduction.^”’ 
In the case of heavily doped semiconductors satisfying the inequality ND"^^ < an, 
the average distance between impurities is less than the Bohr radius. The electrons form 
an almost perfect fermi gas and the conduction is metallic.'* 
The total conductivity of a lightly doped semiconductor is of the form^^ 
a = o, exp ' ® +a,exp 2 » eqn 1.5.1 
where the first term represents the contribution of the conduction through the conduction 
band and the second term the contribution of hopping conduction in the impurity band. At 
sufficiently low temperature the second term will dominate. The transition from hopping 
to metallic conduction is seen experimentally as a reduction in the activation energy of the 
second term. A near zero activation energy means metallic conduction. 
The transition to a state of metallic conduction is expected to occur when the 
impurity concentration exceeds a critical value Nc. Mclrvine (1960)^^ derived an 
empirical formula relating Nc to the dielectric constant (e) and the Bohr radius (an). 
Nc =(2.2a„)“'exp(l-e) eq’n 1.5.2 
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1.6 Impurity Band Conduction in n-tvpe Germanium and other n-type Semiconductors 
A germanium crystal has an energy band gap of 0.67 eV at 300 Germanium 
doped with low concentrations of antimony produces a donor level 0.0096 eV below the 
conduction band edge. Table 1.6.1 and Figure 1.6.1 were redrawn from H. Fritzsche^’ to 
show the electrical properties of Sb-doped Germanium in the high concentration region 
where metallic impurity conduction occurs. 
For samples with No > lO’’ atom/cm'’, Figure 1.6.1 shows resistivity curves 25 to , 
29 to have a resistance which is independent of temperature below 10 K. Table 1.6.1 
shows a dramatic lowering of the activation energy for samples 25 to 29. Wolf and 
Compton^^ have also reported that germanium doped with antimony in the range of 1 to 2 
X lO'^ atoms/cm'’ exhibits a temperature independent resistance for temperatures less than 
10 K. The donor concentration No mentioned above agrees well with Mclrvine’s critical 
impurity concentration ofNc = 1.3 x lO’’ atom/cm' in n-type Germanium. This can be 
seen in Table 1.6.2.^^ 
Sample 29 has a room temperature resistivity equal to the resistivity at 2.5 K. 
Despite the small rise in resistivity near 77 K, sample 29 shows a temperature independent 
resistivity up to room temperature. Papers by Hung and Gliessman have also reported this 
type of behavior. 
Debye and Conwell’^ performed resistivity measurements from 11 to 300 K on a 
set of n-type germanium samples doped with arsenic covering the range from intrinsic to 
degenerate. 
21 
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Taken from E.C. Mclrvine reference 33 
Germanium doped with arsenic has a donor energy 0.013 eV below the conduction band 
edge. From 11 to 100 K there is almost no change in resistivity with temperature. 
Silicon has an energy band gap of 1.12 eV at 300 K. Silicon doped with arsenic 
has a donor level equal to 0.049 eV below the conduction band edge.^'^ Morin and Maita^’ 
measured the electrical properties of As-doped silicon in the high concentration region 
where metallic like impurity band conduction occurs. A temperature independent 
resistivity below 50 K was observed for an impurity concentration of 2.7 x 10*^ atom/cm^. 
Pearson and Bardeen'* have done electrical measurements on silicon doped with 
phosphorous over a temperature range of 87 to 900 K. At low concentration this 
produces a donor level 0.045 eV below the conduction band edge. Metallic like impurity 
conduction was observed to occur below 170 K for No = 1.7 x 10*^ atoms/cm^. 
Cadmium Sulphide has an energy gap of 2.42 eV at 300 Cadmium Sulfide 
crystals doped with chlorine has a donor ionization energy in the neighbourhood of 0.01 to 
0.02 eV below the conduction band edge.'*® Toyotomi and Morigaki'** show the electrical 
resistivity of Cl-doped Cadmium Sulphide in the high donor concentration region where a 
metallic like impurity conduction has been observed. At a donor concentration of No = 
2.1 x lO’* atoms/cm^, a temperature independent resistivity exists below 77 K. 
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J. Woods'*^ reports on resistivity measurements for n-type ZnSe crystals (Eg= 2.58 
eV) compensated with Indium (donor ionization energy = 0.2 eV/^ in the temperature 
range of 70 to 300 K. Between 245 and 300 K the activation energy (about 33 meV) was 
found to decrease with indium compensation. Woods suggests that the conductivity is 
due to thermally assisted phonon tunneling between the localized donor states. The 
expression used is 
where (E - Ep) is the activation energy required for raising electrons to an appropriate 
localized energy state E from the fermi level Ep. AW represents the hopping energy 
between two localized states. 
Sebastian and Sivaramakrishnan'*"’ investigated electrical conduction in 
CdScx Tei-x (donor ionization energy between 0.3 and 0.5 eV)'** in thin films between 125 
and 300 K. Film compositions of CdSeo.gTeo.2 and CdSeo.eTeo.4 were found to be n-type. 
All activation energy of 0.02 eV was observed for both compositions below 290 K which 
is characteristic of phonon-assisted hopping conduction. 
eq’n 1.6.1 
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1.7 Background on Bismuth Iron Molybdate 
Bismuth Iron Molybdate is used as a catalyst for the partial oxidation of olefins, 
for example the oxidation of propylene to form acrolein.^ Selectivity and sensitivity'*’ 
over a wide range of hydrocarbons makes Bi3peMo20i2 an exceptionally active catalyst by 
providing appropriate sites for adsorption. The catalyst acts as both a source and sink for 
oxygen and electrons. 
The removal of lattice oxygen'” from Bi3FeMo20i2 is a redox reaction because the . 
catalyst itself acts as an oxidizing agent. This redox concept is supported by showing the 
oxidation of propylene in the absence of gaseous oxygen. The oxygen appearing in the 
products comes from the participation of many sublayers of lattice oxygen in 
Bi3FeMo20i2- A fast surface reduction leaves the boundary layers near the surface in a 
reduced state. This is followed by the diffusion of lattice oxygen to the surface. Lattice 
oxygen diffusion'*^ and vacancy diffusion are identical except for sign. The diffusion 
gradient follows from the solution of Pick’s Law 
aC/dt = DV"C eq’n 1.7.1 
where C is the concentration of oxygen atoms or vacancies and D is the diffusion constant. 
Pressed pellets of Bi3FeMo20i2 powder show rapid and reproducible changes in 
electrical conductance at temperatures between 620 and 820 K on exposure to reducing 
vapour because oxygen vacancies act as donors. Air or gaseous oxygen serves to 
reoxidize the reduced catalyst causing the conductance to return to its original value. 
Bismuth Iron Molybdate clumps together under pressure, for example when made 
into a pellet, but is still porous enough to allow air or a reducing vapour such as methanol 
to penetrate into the pellet interior. The three dimensional'*^ network of grains consists of 
three distinguishable regions. The first is the surface gas interface where adsorption and 
desorption of physiadsorbed and chemiadsorbed vapours take place. Second is the near 
surface where the reduction of lattice oxygen produces oxygen vacancies within a hundred 
layers or so inside the solid particles or grains. Since the diffusion constant for oxygen 
vacancies is relatively fast (i.e., 7.7 x 10"*'* cm^ sec'* at 687 K for the compound bismuth 
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molybdate/* one would expect a near surface reduction to some degree. The last region 
is the solid particle bulk which acts as a reservoir for lattice oxygen. These regions can be 
seen in Figure 1.7.1. 
Bismuth Iron Molybdate powder is yellow in color and has an ordered scheelite 
superstructure related to the ideal scheelite structure formula AMO4. The superstructure 
is due to the ordering of the Fe and Mo atoms on the M site of AMO4. The ideal 
symmetry for a scheelite structure is a body centered tetragonal, but Bi3FeMo20i2 shows a 
body-centered monoclinic cell with cell dimensions a = 16.155 A, b = 5.254 A, c = 11.652 
A and y = 90.96 degrees. The standard C-centered cell is a = 16.904 A, b = 11.652 A, 
c = 5.254 A, and |3 = 107.15° with space group C 2/C. The crystallographic density is 
7.16 g/cm^^”’^’ 
In+erface 




2.1 Preparation and Chemical Reduction of BhFeMo20i2_Pellets 
Commercially obtained Bismuth Iron Molybdate (Bi3FeMo20i2) powder was 
compressed with a pressure of 2.0 x 10^ N/m^ by a specially designed press to produce a 
6 mm X 6 mm x 2 mm pellet weighing approximately 0.4 grams. This generates a sample 
density of 4.1 g/cm^. The press allowed four evenly spaced 0.1 mm diameter gold wires 
to be embedded through the pellet center perpendicular to the vertical axes (refer to 
Figure 2.1.1). 
The pellets were then heated in air at 670 K for ten hours inside a NEY 2-525 box 
furnace. After a two hour cooling period the samples were ready to be reduced in a 
methanol-nitrogen atmosphere. 
The pellets were mounted in an enclosed stainless steel oven using silver dag to 
make electrical contact between the gold wires and insulated chromel wires which 
extended from the oven interior to external electronic equipment. A Keithley model 487 
picoammeter/voltage source and a model 617 electrometer were used to monitor the 
conductance of the pellet during reduction by simultaneously measuring the voltage and 
current. The temperature of the oven was controlled by heating tape and a chromel- 
alumel thermocouple connected to an electronic controller. The oven was heated to 
620 K for twelve hours to remove surface contaminants which accumulate on the pellet. 
This ensures immediate chemical reduction of the pellet when exposed to a reducing 
methanol/nitrogen atmosphere. 
A regulated flow of nitrogen gas was bubbled through liquid methanol under 
atmospheric pressure. This introduces methanol vapour into the flow of nitrogen gas to 
yield a 13.2% methanol concentration. Methanol under 1 atmosphere at 300 K has a 
vapour pressure of 100 torr. Nitrogen at 300 K under one atmosphere is 760 torr. Thus 
(100/760) X 100% equals 13.2%. A flow of 100 ml/min of methanol/nitrogen gas entered 
the interior of the 100 ml oven through a 2.5 mm diameter tube. Switching this flow line 
Figure 2.1.1 
Schematic representation for measuring 
conductance or resistance inside the pellet 
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(pulsing) permitted 100 ml/min of oxygen free nitrogen carrier gas to enter the oven’s 
interior instead. All samples were reduced by pulsing. Pulsing permits each pellet to 
achieve a desired conductance by first exposing it to the reducing atmosphere and then 
switching to pure nitrogen to allow the conductance to stabilize. 
A real time computer data acquisition program displayed the logarithm of 
conductance versus time. Pulses varied from 30 seconds to 3 minutes for reduction and 
30 seconds to an hour for stabilization. Total elapsed time ranged from 1.5 to 4.5 hours. 
Figure 2.1.1 shows a schematic circuit for measuring conductance inside the pellet. 
The potential difference developed across the inner two probes is measured using a high 
input impedance voltmeter or electrometer. In this way the metal semiconductor contact 
resistance does not affect the results. 
Once reduction and stabilization were completed satisfactorily the pellets were 
cooled in the oven from 620 K to room temperature in a nitrogen atmosphere. The 
resistance was measured as a function of temperature during this cooling. 
The pellets were then mounted in a pour fill cryostat which was evacuated over a 
16 hour period. The cryostat was rapidly cooled to liquid nitrogen temperature and then 
allowed to slowly warm up to room temperature. The resistance was measured as a 
function of temperature during this warming period. The basic layout of the cryostat is 
shown in Figure 2.1.2. 
The 500 ml liquid nitrogen dewer, open to the atmosphere, is made of very thin 
stainless steel tubing. This permits the sample, mounted on a copper bar, to be cooled by 
conduction. The sample warms slowly after removal of the liquid nitrogen. The sample 
was held fast to the copper bar by a high vacuum silicon grease. Silver dag was used to 
electrically connect the four gold leads from the pellet to exterior electronics. A chromel- 
alumel thermocouple, stationed near the base of the copper bar was connected to an 
external monitor in order to record changes in the temperature of the pellet. 
The cryostat exterior was constructed of a brass pipe, a circular brass plate and a 
set of six bolt brass flanges. The central brass flange housed a rubber o-ring for quick and 
Figure 2.1.2 Cryostat Apparatus 
Brass Flange 
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easy assembly and disassembly of apparatus. A vacuum valve permitted evacuation of the 
cryostat chamber once it was attached to the vacuum station. 
2.2. Vacuum Station 
Figure 2.2.1 shows the basic layout of the vacuum pumping station used in this 
project. The vacuum vessel and various pumping lines are constructed of copper tubing. 
The brass flanges use embedded rubber o-rings to form air tight seals. Two thermocouple 
vacuum gages and an ionization gage are used for assessing vacuum conditions inside the 
vessel and roughing lines. The vapour diffusion pump connects to the high vacuum line 
directly below the cold trap and high vacuum valve. The diffusion pump uses an electric 
coil to heat and vapourize the oil. The cooling system allows water to flow through a 
metal coil soldered around the exterior wall of the pump casing. This causes the oil 
vapour to condense on the interior wall and flow back to the coil for reheating. The 
diffusion pump can sustain a pressure of lO"^ in the high vacuum line in approximately 30 
minutes with continual back pumping. 
The cold trap located above the diffusion pump and below the high vacuum valve 
should be filled with liquid nitrogen when the pressure in the high vacuum line has 
stabilized at approximately 10'^ torr. The liquid nitrogen cold trap acts as a catch basin to 
condense more water vapour within the high vacuum line. This type of cryogenic 
pumping lowers the pressure within the working chamber even further. As water vapour 
condenses, it forms a layer of ice on the cold surfaces of the cryogenic pump. This ice 
layer now acts as an insulator so the temperature on the outside of the ice layer is higher 
than the temperature of the refrigerant thus rendering the pump less efficient. 
Pressures of 1 O’’ torr or better can be sustained for periods of ten to twelve hours 
without refilling. The roughing line valve is completely closed during full operation of the 
vacuum system. Access to the working chamber requires complete closure of the high 
vacuum valve and opening of the vessel’s bleeder valve to permit removal of a circular 
steel cover. Once removed the port provides a direct means for evacuating the internal 
chamber within the cryostat through the high vacuum line. 
Figure 2.2.1 Vacuum Station 
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A bleeder valve soldered into the low vacuum line is used to relieve unwanted 
pressure on the oil seal of the mechanical pump during shutdown. This precautionary 
measure avoids the risk of damaging the seal and allowing oil from the pump to be drawn 
throughout the vacuum line to contaminate the entire system. 
2.3 X-Ray Diffraction Measurements 
X-Ray diffraction measurements performed on commercially obtained bismuth iron’ 
molybdate powder confirmed an ordered monoclinic superstructure cell.^“’ 
X-Ray measurements done on reduced samples four through sixteen were 
prepared by grounding the samples with a mortar and pestel. A strip of double sided tape, 
covered uniformly with a powdered sample was held fast to a glass slide which was cut to 
fit inside the diffractometer. The powder diffractometer used was equipped with a copper 
target (CuKa radiation wavelength is 1.5418 A) and was set to scan the angles 5 through 
100 degrees at a resolution of 20 data points per degree. 
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CHAPTER 3 
RESULTS AND DISCUSSION 
3,1 Reduction in Methanol/Nitrogen Atmosphere 
Figure 3.1.1, 3.1.2 and 3.1.3 shows the variation in conductance versus time for 
pellets of bismuth iron molybdate exposed to various pulses of 13.2% methanol in 
nitrogen at 620 K. Table 3.1.1 gives the conductance for each pellet thus reduced. 
Sample 16 in Figure 3.1.3 shows the conductance approaching an equilibrium 
value near 10'^ seimens. Since this pellet was reduced in a pure nitrogen atmosphere (i.e., 
no methanol) only surface oxygen was removed. 
The initial sharp rise in conductance for sample 15 to 3.2 x 10’'’ seimens is due to 
chemical reduction in methanol vapour. This is followed by a pulse of nitrogen gas which 
allowed the conductance to stabilize. Air was subsequently introduced to suppress the 
pellet conductance. 
Samples 4 to 14 were all chemically reduced with pulses of methanol vapour, 
intermittently switching to pure nitrogen to stabilize the pellet conductance. Samples 4 to 
14 were not exposed to air during the reduction process. These samples were all attempts 















Chemical reduction of pellets 4 to 8 
Time (minutes) 
Figure 3.1.2 
Chemical reduction of pellets 9 to 13 
Figure 3.1.3 
Chemical reduction of pellets 14 to 16 
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Table 3.1.1 Conductance of Bi2FeMo20i2 pellets at 620 K after chemical reduction 
Sample Number Final Conductance (Siemens) Final Resistance (ohms) 
16 1.6 X 10 -6 641,000 
15 8.7 X 10 -5 11,500 
5.4 X 10 -4 1840 
7.7 X 10 -4 1300 
2.4 X 10 
-3 
412 
11 3.2 X 10' 310 
12 3.4 X 10' 290 
13 4.0 X 10‘ 249 
10 5.2 X lO" 190 
8.7 X 10' 114 
1.7 X 10 -2 60 
4.0 X 10’ 25 
14 1.3 X 10' 7.5 
3.2 Cooling and Low Temperature Analysis 
Figure 3.2.1 shows the temperature dependence of the open circuit resistance in 
the evacuated cryostat with no sample present. This resistance is due to the conductance 
through the plastic insulation holding the contact pins. As a result the resistance 
measurements of samples 16, 15, 7 and 5 were discontinued before the level shown in 
Figure 3.2.1 was reached. 
Figures 3.2.2, 3.2.3 and 3.2,4 show the temperature dependence of pellet 
resistance measured after switching off the oven and allowing the pellet to cool to room 
temperature in a nitrogen atmosphere followed by the temperature dependence of the 
pellet resistance as it warmed from 90 K to room temperature in a vacuum cryostat. 
Figure 3.2.3 shows discontinuities in the conductance of samples 4, 6, 10 and 14 
near room temperature. This could be due to chemisorbed vapour on the granular 
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Equation 1.3.4 gives the conductivity for electrons in the conduction band in the 
temperature range of 90 to 300 K and is restated below. 






= o, exp 
-e,/K^T 
eq’n 3.2.1 
When comparing this equation to equation 1.4.1 for hopping conduction in the impurity 
band we see an exponential similarity as restated below. 
-8p/K„T - 
CTJBC = exp - ® eq.n 3.2.2 
Thus at high temperature GL will dominate and at low temperature OIBC will dominate as 
6i » 82 and ai » 02. In either case 
p = l = p^ exp(AE/KBT) eq’n3.2.3 
o 
The equation used to fit the linear portions or the straight line segments of the 
resistance curve in the temperature ranges where a single exponential term dominates is. 
logio R = a + b 
^lOOOK^ 
. T J eq’n 3.2.4 
where a will involve po as well as the geometric dependence of the resistance and b will be 
directly related to the activation energy AE. That is 
bKn lOOOK ^ n I- 
AE =  = (0.1987)b eq n 3.2.5 
e log,oe 
where AE is expressed in electron volts. Equation 3.2.5 was used to calculate all the 
activation energies listed in this thesis. 
Table 3.2.1 lists samples with low impurity concentrations. The activation energy 
for sample 16 represents the energy level at which physisorbed and chemisorbed oxygen 
reside relative to the conduction band edge. 
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The most probable energy level for oxygen donor impurities at low concentrations 
appears to be centered about 0.36 eV below the conduction band edge.^’ 
Table 3.2.1 Activation energies for low impurity donor concentrations in the high 
temperature range. 







300 - 620 
300 - 620 
300 - 620 
300 - 620 
300 - 380 







The samples of Table 3.2.1 are also shown in Table 3.2.2 but with activation 
energies measured over a lower temperature range. The change in activation energies is 
probably due to chemisorbed oxygen on the granular surfaces produced when the pellet 
was removed from the oven and transferred to the cryostat. Chemisorbed oxygen acts as 
a surface trap for electrons'*^’ and thus lowers the activation energy. The vacuum station 
should remove phyisorbed oxygen but may not remove chemisorbed oxygen. 
Table 3.2.2 Activation energies for low donor concentrations in the medium 
temperature range. 
















Table 3.2.3 and 3.2.4 show the properties of samples which are believed to exhibit 
conduction through an impurity band. Here we see a few characteristic features which are 
common to all semiconductors that are highly doped with impurities. 
Samples 8 to 14 in Table 3.2.3 are arranged according to increasing conductance 
as a result of chemical reduction. It is apparent that as a result of the reduction process. 
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the concentration of oxygen vacancy donors must also increase. All samples show very 
little change in resistance over the temperature region specified. This region also extends 
to higher temperature with increasing chemical reduction. 
Table 3.2.4 shows a lowering of the activation energy with increasing chemical 
reduction. 
Table 3.2.3 Near temperature independent resistance over the given temperature range 















90 - 220 
90 - 220 
90 - 290 
90 - 290 
14-20GQ 
5.3 - 6.0 GQ 
0.9 - 0.96 M Q 
0.45 -0.52 MQ 
0.36 - 0.44 M n 
57 - 69 IcQ 
59 - 61 kQ 
0.7-0.91 kn 
44 - 56Q 
Table 3.2.4 Activation energies for high donor concentrations in the low temperature 
range 100 to 120 K. 




















3,3 X-Rav Powder Diffraction Measurements 
Figure 3.3.1 is the x-ray powder diffraction spectra for bismuth iron molybdate 
powder. Table 3.3.1 lists the locations and normalized intensities of these peaks. The 
miller indices, hkl, are derived from the structure reported in the literature.This 
structure is given in section 1.7. 
X-ray powder diffraction spectra were obtained for all samples but it is only 
necessary to show the section of intermediate interest of a few spectra. These sections are, 
displayed as intensity versus diffraction angle in Figures 3.3.2, 3.3.3 and 3.3.4. Table 
3.3.2 lists the d-spacings and normalized intensities for non BisFeMoaOu peaks. These 
peaks were normalized by the most intense peak at 3.180 A, of Bi3FeMo20i2. 
Table 3.3.3 lists possible identifications for these new peaks. Appendix A 
tabulates the x-ray powder diffraction standards of the International Center of Diffraction 
Data (I.C.D.D.). 
It is clear from Table 3.3.2 that only two new peaks are observed, one near 3.41 A 
and one near 3.26A. Table 3.3.3 indicates that bismuth, dibismuth trioxide (B^Os) and 
molybdenum trioxide (M0O3) are in the vicinity of the newly formed peak centered about 
3.26 A. It is not clear which compound corresponds to the individual peak in each sample 
shown in Table 3.3.2. One would think that it must be one or another or perhaps portions 
of all three. The peak near 3.41 A is most likely Molybdenum dioxide. 
Figure 3.3.1 
X-ray diffraction of bismuth iron molybdate 
20 (degrees) 
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Table 3.3.1 X-Ray Powder Diffraction Pattern for Bi3FeMo20i2 
Peak 20 
(degrees) 

























































































































































*The hkl column was taken from reference 50 
Figure 3.3.2 
X-ray diffraction of pellet 11 
Figure 3.3.3 
X-ray diffraction of pellet 6 
Figure 3.3.4 
X-ray diffraction of pellet 14 
20 (degrees) 
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Table 3.3.2 New peaks observed in Bi3FeMo20i2 as a result of chemical reduction. 





































































Table 3.3.3 Possible compounds observed in Bi3FeMo20i2 as a result of new 
peak formation. 

















For lightly reduced pellets of bismuth iron molybdate (i.e., for low concentrations 
of oxygen vacancies) an activation energy of 0.360 eV was obtained over a temperature 
range of 300 - 620 K. We believe this represents the energy level of oxygen vacancy 
donors with respect to the conduction band edge. This is observed in Table 3.2.1 for 
samples 5, 7, 8 and 11. 
The shift in activation energy given in Table 3.2.2 for the temperature range of 
150 - 300 K is probably due to adsorbed water vapour or oxygen on the surface of the 
pellet when it was removed from the oven and transferred to the cryostat. These vapours 
have the ability to trap electrons at the surface and change the activation energy.'*®’ 
Our resistance versus temperature curves suggest a metallic like conduction 
process at the low temperature region of the more heavily reduced pellets. Supporting 
evidence for this claim can be seen in the near temperature independent resistances shown 
in Table 3.2.3 and the low activation energies shown in Table 3.2.4. 
As the oxygen vacancy donor concentration increases the temperature region 
dominated by the impurity band extends to higher temperature. Increased donor 
concentration suggests strong overlap of the electron wave functions about the impurity 
centers. The localization of the wave function is removed and electronic conduction 
occurs through a band of energy levels. At some concentration a transition from hopping 
to metallic like conduction takes place in the impurity band. With the impurity band 
located near 0.360 eV the contribution of extrinsic electrons in the conduction band would 
be 9.1 X 10'^% of the donor electrons at 300 K. At 90 K it would be 7.4 x 10'*^%. It is 
therefore likely that conduction through the impurity band will dominate due to the 
absence of electrons in the conduction band. 
X-ray powder diffraction measurements indicate that bismuth, dibismuth trioxide 
and molybdenum trioxide are centered near the newly formed peak at 3.26 A. This can be 
observed in Tables 3.3.2 and Table 3.3.3. Although pure bismuth exhibits metallic 
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conduction it is highly unlikely that the metallic like conduction observed in n-type 
Bi3FeMo20i2 is due to the small amounts of pure bismuth formed, consistent with the 
magnitude of the X-ray peaks seen. Only for very heavily reduced samples is pure bismuth 
seen to sweat out of the pellet.^Sample 14 (i.e., the most heavily reduced sample) did 
not show this. It is therefore possible that the resistance result seen, at least in sample 14, 
could be due to a parallel network of a metallic layer on the semiconductor bulk. 
Dibismuth trioxide and molybdenum trioxide would not produce a metallic like conduction 
since these two compounds have an energy gap of approximately 1.0 eV.^^ 
Molybdenum dioxide exhibits metallic conduction^’ at room temperature and has 
been identified as the peak centered at 3.41 A in Figure 3.3.4 for sample 14. However all 
the other samples do not show this peak and therefore the low activation energies listed in 
Table 3.2.4 should be due to a hopping or metallic conduction through the impurity band 
and not to the existance of molybdenum dioxide. 
Since 33 meV'” and 20 meV'*'* have been quoted as characteristic features of 
phonon assisted hopping conduction in the scientific literature for the compounds ZnSe 
doped with indium and CdSe^Tei-x respectively the two activation energies listed in Table 
3.2.4 for samples 8(16 meV) and 11 (9 meV) could very well be of a hopping conduction 
process through the impurity band. The remainder of the samples in Table 3.2.4 have 
activation energies between 1 and 2 meV and should therefore indicate metallic like 
conduction in the impurity band.^^’^’ The drop in resistance from samples 8 and 11 to 
sample 9 in Figure 3.2.2 could very well indicate a transition from hopping to metallic like 
conduction. 
In summary this thesis supports the existence of metallic like conduction within an 
impurity band of vacancy donor states over the temperature region of 90 to 300 K for 
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